Abstract Atmospheric carbon dioxide (CO 2 ) has increased since the pre-industrial period and is predicted to continue to increase throughout the twentyfirst century. The ocean is a sink for atmospheric CO 2 and increased CO 2 concentration will change the carbonate equilibrium of seawater and result in lower carbonate ion concentration and lower pH. This may affect the entire marine biota but in particular calcifying organisms. In this study we investigated the effect of increased CO 2 on the virus host interaction of Emiliania huxleyi as a calcifying organism and of Phaeocystis poucheti as a non-calcifying organism. Both algae were grown in laboratory controlled conditions under past (280 ppmv), present (350 ppmv) and future (700 ppmv) CO 2 concentrations with and without added virus. Increased CO 2 had a negative effect on the growth rate of P. pouchetii, but not of E. huxleyi. No impact was found on viral lysis of P. pouchetii while increased burst size and slightly delayed lysis was observed for E. huxleyi with increased CO 2 . We conclude that this short time study could not confirm earlier reports and our hypothesis of a negative effect of high CO 2 on E. huxleyi growth and E. huxleyi virus production.
Introduction
The concentration of carbon dioxide (CO 2 ) in the atmosphere has increased from 180 to 280 parts per million by volume (ppmv) in the pre-industrial period to the present 390 ppmv, and projections indicate that it may reach 700 ppmv by 2,100 (I.P.C.C. 2007). The ocean is one of the largest sinks of atmospheric CO 2 and this influx of CO 2 changes the seawater carbonate equilibrium with lower carbonate ion concentration and lower pH as the result (e.g. Caldeira and Wickett 2003) . A lower concentration of carbonate will make it more difficult or require more energy to form biogenic calcium carbonate (CaCO 3 ) (Guinotte and Farby 2008; Orr et al. 2005 ) and marine calcifying organisms may hence have a disadvantage. This in turn may favour competing non-calcifying organisms.
The marine coccolithophorid Emiliania huxleyi (Lohmann) Hay & Mohler and related species have a world-wide distribution and form massive blooms in offshore, coastal and oceanic waters at midlatitudes (45-658N) during spring and summer (e.g. (Fernández et al. 1993) . The abundance of E. huxleyi, its vast production of calcium carbonate coccoliths, and its emission of dimethylsulphide (DMS) make it an important species with respect to marine primary production and sediment formation (Honjo 1976; Westbroek et al. 1989) . Thus, E. huxleyi impacts ocean climate and natural acid rain (Charlson et al. 1987) . The marine haptophyte Phaeocystis is an ecologically important phytoplankton genus which includes several bloom-forming species (e.g. Schoemann et al. 2005) . Phaeocystis pouchetii (M. P. Hariot) G. Lagerheim is commonly found in colder coastal regions where it can dominate during late spring and early summer (Lancelot and Mathot 1987; Larsen et al. 2004) . In a higher CO 2 world, it is predicted that E. huxleyi would have lower calcification rates, due to a reduction of available carbonate ions, but also a higher possibility of dissolution of the coccoliths because of a decrease in the depth of the carbonate saturation horizons (Guinotte and Farby 2008) . A lower carbonate concentration in a high CO 2 world may be a disadvantage for E. huxleyi possibly favoring the competing P. pouchetii and this may presumably change the competitional balance between these two species.
The high virus abundance and genetic diversity, found in aquatic ecosystems, are thought to be essential in controlling microplanktonic organism's abundance and diversity, and therefore change the energy and nutrients cycles (Bergh et al. 1989; Wilhelm and Suttle 1999) .
Emiliania huxleyi and P. pouchetii are often cooccurring in the same water masses and they may succeed each other forming blooms which, for both, often have been reported to be terminated by viral infection (e.g. Bratbak et al. 1993; Brussaard et al. 2004) .
With respect to impact of viruses the calcified diploid form of E. huxleyi is sensitive to virus infection while the noncalcified haploid form is unrecognizable and therefore resistant to the viruses that kill the diploid form (Frada et al. 2008) . The mechanism of viral resistance was not identified but may be related to differences in type of cell surface coverage or in receptors related to calcium metabolism. It was also noted that calcium may promote the physical interactions between viruses and host receptors through a direct effect on the conformation of the viral capsid (Frada et al. 2008) . From this we may hypothesize that E. huxleyi, with an altered cell surface caused by reduced coccolith formation and an altered calcium metabolism, both due to lower carbonate ion concentration, may also change its virus susceptibility. A lower carbonate concentration may be more advantageous to E. huxleyi than P. pouchetii.
Overall, an increase in pCO 2 could lower the availability of carbonate ions, hence decreasing the rates of biogenic calcification in E. huxleyi, however, these conditions could also be advantageous to E. huxleyi under viral attack. Moreover, an increase of available CO 2 could promote higher rates of primary production, potentially advantageous to noncalcifying organisms, such as P. pouchetii (Riebesell et al. 2007) .
In the present study we have investigated the effect of past, present and future pCO 2 concentrations on growth and virus infection of E. huxleyi and P. pouchetii.
Methods

Culture conditions
Batch monocultures of the haptophyte E. huxleyi (strain BOF, culture collection at the University of Bergen, Norway) were grown on autoclaved IMR/2 media (70% aged seawater and 30% Milli-Q water) with a modification in the added nutrients: 84 lM of KNO 3 and 9.6 lM of KH 2 PO 4 . The stock solutions of nutrients and vitamins were added before autoclaving in 1 l bottles with 500 ml of medium and with closed lids. The E. huxleyi cultures were incubated with light provided by fluorescence lamps in a light: dark cycle of 16:8 h with an irradiance between 60 and70 lE m -2 s -1 and temperature of 15 ± 0.5°C. The same conditions applied for the batch cultures of P. pouchetii (culture collection at the University of Bergen, Norway), except for the temperature that was 8 ± 0.5°C. The cultures were bubbled with CO 2 amended air at a gas flow rate of approximately 1 dm
Experimental set-up and sampling Cells were acclimated to three different pCO 2 representing the past (280 ppmv), present (350 ppmv) and future (700 ppmv) pCO 2 concentrations for at least 5-7 generations, after which an aliquot was transferred to the experimental bottles, that had been bubbled with CO 2 during the previous day, and start with a concentration of about 5.0 9 10 4 cells ml -1 for E. huxleyi and of 3.8 9 10 4 cells ml -1 for P. pouchetii. For each CO 2 concentration treatment there were four replicate bottles, two of which were infected with virus, and the other two were kept as controls. The experiments were carried out in 500 ml batch cultures continuously stirred with magnetic stirrers. Each bottle was continuously bubbled with the corresponding CO 2 concentration (280, 350, or 700 ppmv) for the duration of the experiment, at a flow rate of *1 dm -3 h -1 , and thus, it was assumed that the CO 2 concentration remained constant.
In the E. huxleyi experiment the cells were grown until they reached a concentration of *2.5 9 10 5 cells ml -1 (exponential phase) and then infected with the E. huxleyi specific virus EhV-99B1 (culture collection at the University of Bergen, Norway) at a virus/host ratio of 6. In the P. pouchetii experiment the cells were infected with the P. pouchetii specific virus PpV01 (culture collection at the University of Bergen, Norway) at a virus/host ratio of 3 when the cultures reached a concentration of *7.8 9 10 4 cells ml -1
(exponential phase). The cultures were sampled every 24 h before infection and every 6-12 h for 3 days after infection. pH samples were taken every 2nd day, and measured potentiometrically (NBS scale) using an electrode type pH meter (VWR pH100). It must be noted that each experiment was done only once per phytoplankton species.
Flow cytometry analysis
Algae and virus analyses were performed with a FACSCalibur flow cytometer (Becton-Dickinson) equipped with an air-cooled argon laser (excitation 488 nm, 15 mW power) with standard filter set-up. E. huxleyi and P. pouchetii cells were enumerated from fresh unfixed samples for 5 min at high rate (97 ll min -1 ), with the addition of 1 lm fluorescent beads as internal size standards (Molecular Probes). The samples were diluted 5, 10, or 209 in TE buffer (Tris 10 mM, EDTA 1 mM, pH 8.0) before analysis. The trigger was set to red fluorescence for microalgae enumeration (Brussaard et al. 1999) . Samples for virus abundance were fixed with glutaraldehyde (final concentration 0.5%) for 30 min at 4°C, frozen in liquid N 2 and stored at -80°C until analysis (within 2 weeks after sample collection). Once thawed at room temperature in the dark, the samples were diluted (100, 200, or 5009) in TE buffer and stained with SYBR Green I (final concentration 10 -4 of the commercial stock solution), and finally incubated for 15 min in the dark at 80°C (Brussaard 2004) . Virus samples were analysed for 1 min at medium rate (57 ll min -1 ) and the trigger was set for green fluorescence. All readings were collected in logarithmic mode.
Transmission electron microscope (TEM)
Samples for the coccoliths observation in TEM were unfixed and samples were made by adding a drop of culture on the grid for 2-3 min. Excess water was removed by filter paper and the grids were air dried. Unstained preparations were studied in Jeol 1100 TEM operated at 80 kV. Images were taken by CCD MORADA, SiS-Olympus, Germany. Figs. 1 and 2 for E. huxleyi and P. pouchetii, respectively. The time scale is relative to the time of infection (T = 0) and the cultures were inoculated with algae 2 days earlier (T = -2 days). Counts of algae and viruses were normalized to initial values, (i.e. T = -2 for algae and T = 0 for viruses) to facilitate comparison.
Results
The results of the infection experiments are shown in
In the exponential phase (day -2 to 1) the growth rate of the uninfected E. huxleyi was the same in all cultures 0.80 ± 0.003 day -1 (mean ± SE). In the exponential phase of P. pouchetii (day -2 to 3) there was no difference between the growth rates at 280 and 350 ppmv (0.43 ± 0.03 day -1 ), while the growth rate at 700 ppmv was significantly lower (0.33 ± 0.02 day -1 , t test, P \ 0.027). The initial increase in release of new E. huxleyi viruses (EhV)was slightly delayed at 700 ppmv compared to the cultures growing at lower CO 2 concentrations (Fig. 1b) while for P. pouchetii viruses (PpV) there was no difference (Fig. 2b) . The subsequent increase in viral particles appeared to come later at higher CO 2 concentration for both algae. The average burst size for E. huxleyi was lower at 350 ppmv (230) than at 280 and 700 ppmv (620 and 800, respectively). The burst size of P. pouchetii showed the same trend for the samples where burst size could be calculated, but the estimates are uncertain since growth ceased but the cultures did not lyse during the experiment indicating that the initial multiplicity of infection was low. The impact of viruses on the infected cultures was in both cases more severe at present CO 2 concentration than at past and future (Figs. 1a, 2a) .
pH values for E. huxleyi ranged from 8.06 to 8.45 in the past, 8.00-8.38 in the present, and 7.73-7.96 in the future treatment. P. pouchetii pH values varied from 8.00 to 8.21 in the past, 7.93-8.16 in the present, and 7.69-7.77 in the future treatments.
The TEM pictures (Fig. 3) revealed no visual malformation of coccoliths produced under CO 2 concentrations different from the present or reduced calcification of the coccoliths with increasing CO 2 concentration.
Discussion
Increased CO 2 had a negative effect on the growth of P. pouchetii but not E. huxleyi, a result which is the opposite of our initial hypothesis that a lower carbonate concentration will be a disadvantage for E. huxleyi possibly favoring the competing P. pouchetii.
With respect to the impact of viruses, increased CO 2 had no effect on P. pouchetii, while for E. huxleyi there was a slight delay in lysis and an increase in the burst size, but the overall impact of viruses on the infected cultures were in both cases less at future than at present CO 2 concentration. The hypothesized advantage for E. huxleyi of a lower carbonate concentration causing lower infection rate due to malformed coccoliths or reduced coccolith calcification, which we did not observe, could thus not be verified. Several authors have studied the effect(s) of increased CO 2 concentrations on E. huxleyi and other marine coccolithophorides. Riebesell et al. (2000) found reduced calcite production at increased CO 2 concentrations in cultures of E. huxleyi and Gephyrocapsa oceanica and this was accompanied by an increased proportion of malformed coccoliths and incomplete coccospheres. Similar results were obtained when incubating natural plankton assemblages from the North Pacific Ocean at experimentally elevated pCO 2 levels. Using mesocosms experiments, Delille et al. (2005) found no clear change of net community productivity and net primary productivity of E. huxleyi during the peak and decline of a bloom for pCO 2 ranging from 175 to 600 ppmv, but the rate of calcification declined at elevated pCO2, corroborating the observations of Riebesell et. al. (2000) and several earlier reports (Engel et al. 2005; Zondervan et al. 2001) . Iglesias-Rodriguez et al. (2008) concluded on the contrary that calcification and net primary production in E. huxleyi increased significantly at high pCO 2 . Their experimental results were supported by examinations of coccoliths in sediments showing that there has been a 40% increase in average coccolith mass over the past 220 years. The reason for these opposing observations was related to experimental design as the carbonate system in some studies have been modified by adding acid and/or base to control pH while others (including the present study) have used bubbling of CO 2 -ammended air through the seawater to mimic anthropogenic change in atmospheric CO 2 (Hurd et al. 2009; Iglesias-Rodriguez et al. 2008) .
Time, days
The reason for the lower growth of P. pouchetii's under future CO 2 concentrations cannot be explained by the present study, but we speculate that the higher CO 2 could interfere with the cell physiology at the level of the carbon uptake, nevertheless further studies are necessary to fully understand these results.
We are aware of only one earlier experiment where the effect of different CO 2 concentrations on viruses has been included. In this mesocosm experiment Paulino et al. (2008) found no effect on plankton species composition or succession pattern. But the concentration of E. huxleyi and other nanoeukaryotes were occasionally slightly higher and towards the end of the experiment the concentration of picoeukaryotic was significantly higher while the concentration of Synechococcus was significantly lower at elevated pCO 2 . The abundance of EhV and an unidentified large dsDNA virus (i.e. viruses with high fluorescence signal in the flow cytometer) decreased with increasing pCO 2 levels while there was no effect on small viruses (i.e. viruses with low fluorescence signal in the flow cytometer) which is an assemblage of many different viruses and mostly bacteriophages .
Our results do not indicate that growth of E. huxleyi should be more negatively affected by an increasing CO 2 level than other species, and we could not reproduce the negative effect on EhV observed by Larsen et al. (2008) . Caution should be taken, though, when extrapolating the current data since this work was done only once, requiring confirmation.
We conclude that our results add to the opposing observations discussed above. One reason for these opposing observations may be that we do not fully appreciate the complexity of coccolithophore calcification in natural marine ecosystems and apparently simple laboratory experiments will, as a consequence, give variable and opposing results. Moreover, blooming phytoplankton may experience relative large changes in pCO 2 and pH during dense blooms and may thus be able to cope with such changes on a short time scale such as in experimental studies. Experimental studies lasting for days or a few weeks may thus not be representative for changes that occur over decades to centuries.
